Abstract: This paper proposes an improved maximum power point tracking (MPPT) method for wind power systems. The proposed method combines hysteresis control with tip speed ratio (TSR) control using a power coefficient curve. It has fast dynamic characteristics with the TSR control using data obtained from an anemometer. Moreover it can track the maximum power point (MPP) with hysteresis control even when there is incomplete data. Since the proposed method selects the operating mode according to the operation state of the generator of three control modes, the controllers do not interfere with each other and they provide excellent performance. The effectiveness of the proposed algorithm is verified by simulation and experiments based on a 3 kW wind turbine system.
Introduction
Development of renewable energy sources is accelerating due to soaring oil prices and the depletion of fossil fuels [1, 2] . Furthermore, the large consumption of conventional fossil energy brings about serious environmental issues such as greenhouse gases, acid rain, and air pollution. Wind turbines generate a low return of energy considering their installation cost, but they have several advantages in terms of higher utilization of land, low pollution and continual use once installed. Small wind power systems are also being actively introduced into cities and parks due to their flexibility of installation [3] [4] [5] .
OPEN ACCESS
As alluded to above, small-sized wind turbines are mostly sited where the energy is needed rather than where the wind quality is best. Cities and parks generally have low and moderate wind speed areas. On the other hand, given Betz's law, wind turbines find it difficult to provide 60% conversion of their input power. They also have some loss factors such as mechanical friction and low efficiency of the generator. Therefore, a maximum power point tracking (MPPT) control method is required to compensate for the low efficiency. There has been an extensive research carried out on approaches to track the maximum power point (MPP) of wind turbines control [6] [7] [8] [9] [10] .
Generally, MPPT methods can be broadly classified into those that do not use sensors and those that do use sensors. The methods without sensors track the MPP by monitoring the power variation. This method is widely divided into perturbation and observation (P&O) and incremental conductance (IncCond) methods [11, 12] . Neither P&O nor IncCond methods require any additional sensors to measure wind or rotor speed, but they have poor dynamic characteristics because they are not usually sensitive to variations in wind speed. Therefore they are mainly used in the small-capacity and low cost systems. The method uses sensors to track the MPP by the control of rotor speed and torque. Basically, it is named the TSR (tip speed ratio) control [13, 14] . The TSR control directly regulates the turbine speed or torque to keep the TSR at an optimal value by measuring wind speed and turbine speed [15] . In [16] , a fuzzy logic controller is used instead of a typical proportional-integral (PI) controller to control the optimum rotor speed. This algorithm does not require a detailed mathematical model or linearization about an operating point and it is insensitive to system parameter variation. The turbine pitch angle is regulated according to the measured wind speed in [17] . Neural network and fuzzy logic control are applied to improve the performance. An adaptive strategy is shown to improve the performance [18] and its stability is discussed in [19] under conditions that vary the system parameters. In [20] , a MPPT method is also using a neural network and Fuzzy Logic for performance improvement. In summary, TSR control offers good performance with fast response and high efficiency. However, an accurate anemometer is expensive and adds extra cost to the system, especially for small-scale systems. Consequently, the TSR control is usually used in huge-capacity systems. In this method, the optimum TSR is dependent on the system characteristics that should be obtained in advance. When it is not possible to obtain accurate data from models of the blade and generator, the problem of not being able to track the MPP occurs. However, there are not solutions to this problem in the previous studies about the TSR control.
The aim of this paper is MPPT control of a 3 kW wind turbine that is installed in a small scale wind farm. This wind turbine has a boost converter for the control of the generator due to its small capacity. It uses TSR control despite its scale, because it operates to connect other wind turbines in the farm. In this paper, a current controller of the boost converter is designed for the MPPT control of this system. In addition, to resolve the previously mentioned problem of using the TSR control, this paper proposes an improved MPPT method. In the proposed MPPT method, the TSR control provides fast dynamic characteristics, and the added hysteresis controller corrects the MPP error at the steady state. The effectiveness of the proposed algorithm is verified by simulation and experiments based on a 3 kW wind turbine system. Figure 1 shows a grid-connected wind power system. The back electromotive force (EMF) of the generator is comprised of a three-phase-sinusoidal voltage that is converted to DC voltage (V in ) by a diode rectifier. The MPPT control is performed by adjusting the duty ratio of the DC boost converter on the DC side [13] . 
Controller Design for Wind Power Systems
The state equation for the voltage and current can be computed using Equation 1, thus:
If the switch turns on, the state matrix of the circuit is obtained by:
where:
Moreover, if the switch turns off, the state matrix of the circuit is defined by:
Then substituting Equations (3) and (4), the state space of the equivalent circuit can be represented as
Equation (5) can be transformed using Laplace's Equation, and then, the equation is expressed as a state variable:
The equation for I L is then derived from Equation (6) as:
Suppose V DC = 0 and ∆V DC = 0, from Equation (7), the transfer function between the inductor current and the duty ratio is presented as
A diagram of the current controller is shown in Figure 3 . I L * is the reference current to follow the MPP and I L is the measured current through the boost inductor. The transfer function of the total system is presented as:
The characteristic equation of a closed-loop transfer function is then used to obtain the system gain, as written below:
where: Figure 4 shows the root-locus about Equation (10) . If the controller is not sufficiently fast to compensate for the variation in voltage, the ripple of the input voltage can affect the output current. Therefore, for the design of a fast performing controller, the ripple voltage should be considered. System gains are obtained by interpretation of the root-locus. The designed gains of the controller are as follows: PI gains: 10000, 0.0165, 82.5, 60.6
MPPT Method

MPPT Method Using TSR Control
A wind that passes through the circular area of the turbine blades has an aerodynamic energy that is represented by Equation (11) 
where A is the circular area of the blade, ρ is the air density, and V wind is the wind speed. This aerodynamic energy is transformed into kinetic energy depending on the power coefficient (C p ) by blades as:
The power coefficient is determined by a TSR (λ) and the mechanical conditions, such as the length and pitch angles of the blades. The TSR corresponds to the ratio of the aerodynamic wind energy to the blade kinetic energy, as shown below:
where ω blade is the angle speed of the blade and R blade is the radius of the blade. Figure 5 shows the variation of C p according to the λ. The power coefficient only depends on the TSR. When λ is optimized (λ opt ) and C p becomes a maximum value (C p_max ), the kinetic energy gained from the wind is also maximized. The blade torque (T blade ) that is delivered to the generator can be calculated by Equation (14) 
where K blade and B are a blade constant and a friction coefficient of the revolution system, respectively. When the generator generates the opposite reference torque to the blade torque, the generated energy is at a maximum value as shown Figure 6 . 
where K t is a torque constant.
Proposed MPPT Method with Hysteresis Control
As mentioned previously, an MPPT method using TSR control can rapidly track the MPP. However this MPPT method cannot guarantee the operation of the controller at the MPP when the errors occurring in the C p -curve are caused by a variance in the blade characteristics. In this paper, the hysteresis controller is combined with TSR control to solve this problem. The hysteresis control is similar to that used in the typical P&O control. This controller monitors the power output in order to have a band of maximum power when the wind turbine operates at the MPP of the modeled C p-curve using TSR control. If the output of the wind turbine is unable to reach maximum power, the hysteresis controller varies the duty ratio within the hysteresis band to correct for the operating point. Figure 7 shows the mechanism by which hysteresis control occurs. The proposed MPPT method includes the following three control modes:
Mode 1: When the changed wind speed makes reference to the current that is derived from the alternative power coefficient curve from that earlier, the controller operates under TSR control mode;
Mode 2: If the change in wind speed, or the error of the TSR controller, is within a certain bandwidth, the controller operates under hysteresis control mode; Mode 3: If the change in power coefficient is within a certain bandwidth, the controller operates under fixed speed mode.
The control mode is selected by the operating state of the wind turbine. The proposed MPPT method maintains an observation of the variation in wind speed, ∆V wind , and current error variation, ∆I err . When the wind speed changes, ∆V wind is increased. In this situation, the wind turbine is operated under mode 1. If the variation in wind speed is stabilized and ∆V wind meets the established bandwidth, the control mode is determined by ∆I err . When ∆I err is larger than a set value, the controller operates under mode 1. If ∆I err is enough small and the output current follows the reference value, the controller checks whether the power coefficient C p is set within the band or not. When the C p value is within the appointed band, the controller is selected to mode 3 and it maintains the operation of the wind turbine. If C p is not observed to lie within the band, the controller is selected to mode 2 and it corrects the operation of the wind turbine. When C p reaches a maximum value and the wind turbine operates at the MPP, the controller is set to mode 3. Figure 8 shows a flowchart for the proposed MPPT method. The output of the previous controller is the feed-forward for the changed mode controller. This feed-forward reduces the disturbance in the power output at the changing point. Figure 9 shows the block diagram of the proposed MPPT method. The system normally performs MPPT with the PI-currents control (as shown mode 1 of Figure 8 ). Then, trigger 1 and 3 are on and trigger 2 is off. When the control mode becomes 2, trigger 1 is off and trigger 2 is on. In this mode, the delta-d of a hysteresis controller is added to the feedback duty ratio (d fb ) of the currents controller. This mode is maintained until it is corrected that an error of the duty ratio caused by the mentioned uncorrected model. The duty ratio is fixed to the previous value in mode 3. All of triggers are set to the off position for this operation. 
Simulations
Simulations were performed using PSIM software to confirm the validity of the proposed MPPT method. The simulation studies were operated for a 3 kW wind turbine model. The simulation parameters related to the small-sized wind turbine system are presented in Table 1 . Figure 10 shows the dynamic performance of each controller. For the interval where the wind speed increased from 0.5 to 1.3 s, the P&O method cannot trace the changes in wind speed and C p drops sharply. On the other hand, the TSR controller can follow C p by continuously tracking the C p -curve. The proposed control method operates as mode 1, providing a fast dynamic response to the change in wind speed. Figure 11 shows the steady-state performance of each controller with uncorrected C p -curve. In the case of the TSR control method, the power output of the wind turbine follows the wrong C p -curve. Meanwhile, the P&O method tracks the MPPT because it compares previous power outputs to subsequent power outputs in order to follow the optimal power point. However, the P&O method has a disadvantage in that its operating point swung up and down. The proposed control method operates as modes 2 and 3. When the operating point is corrected, the controller restrains the variation in duty ratio so as to obtain a stable operating point. Figure 12 shows the configuration of the equipment used in the experiments, performed on a 3 kW experimental device operating under the same rated conditions as the simulation studies. The MG-set was used as a model of the wind power generator which formed the basis of the experimental studies to control the speed and torque of the 3 kW, 24 pole synchronous machine with a 15 kW, 380 V, 1740 rpm 4 pole induction machine. The part of power conversion has 10 kHz switching frequency, and consists of two IGBT converters having a DC-link capacitor between two IGBT converters. Table 2 shows some parameter values of the experimental setup. The effectiveness of the proposed MPPT strategy is confirmed in Figure 13 . The wind maintained a speed of 8 m/s, before gradually increasing to 13 m/s after 10 s. Figure 13a shows the performance of the typical TSR control with a corrected C p -curve. It can track the C p_max and the maximum power. However, when the reference current is derived from the uncorrected C p -curve (14% error of the TSR), the established MPPT method cannot track the maximum power and the C p is as shown in Figure 13b . Figure 13c shows the performance of our proposed MPPT method. In the region of where the wind speed increased, the controller follows the reference power as mode 1. The wind speed reached to 13 m/s before the controller changed the duty ratio to obtain the correct operating point, as in mode 2. When the C p arrives at the optimal value, the controller makes the reference duty ratio which is controlled to minimize ripple in power as in mode 3. The interval that wind speed decreases, the controller also repeats the above operation to follow MPP.
Experimental
This results show that the efficiency of the MPPT is improved about 12% compare with the typical TSR controller. As the error of the parameter is larger than this condition, we can expect excellent effects from the proposed MPPT technique.
Conclusions
This paper proposed a MPPT method that combines hysteresis control with TSR control. The proposed control method has fast dynamic characteristics, regardless of changes in wind speed. It also has good steady-state characteristics, where hysteresis control can compensate for current control using a C p -curve based on incomplete data. In this paper, simulations and experiments were performed on a 3 kW wind power system model.
